1 MUON STORAGE RING

Thisfile is parkerCh16er10.tex Exceptin figurescoloredtext denotesditorialinformationwhich
shouldbe omittedfrom thefinal document.

In the Study—Ireportthis is Section8 but for Study—Ilit shouldbe renamedSection16. For
this draftthe headinggrom Study—Ihave beenincorporatedhenmodified.For comparisordetails
pleaseeferto Study—I.

For this first draft someof the figureswerealreadymodifiedto be consistentvith a later opti-
mizedIattice configurationdenotednu_mfllclratherthanthe mu.mfO9blattice presentedt the
January?9 editorsmeeting.Thenew lattice has:

e Largerbetafunctionsin the productionstraight,which which areneededo meetthe experi-
mentsbeamdivergencegoalof 0.1 normalizeddivergence.

e Smallerpeakhorizontaldispersionwhich reduceghe horizontalaperturerequirementgor
+2.2%in thedispersiorsuppressoenougho beableto useacornventionalnormalconducting
guadrupolen theemptycell.

Onadvicefrom ScottBerg | will dropbackto themu.mfO9bbaselindatticeandonly look to ac-
cept+1.9% momentunspreadwhich is anothemway to keepthe emptycell aperturerequirement
small. However this doesnot addresghe issuethat the optics contribution from the production
straightto the neutrinobeamangularspreadis about30% too high. Fig. 2 andFig. 6 will be
revisedaccordingly B.P.

1.1 Introduction

B. Parker

For Study—Il the muon storagering hasa simple planarracetrackconfigurationas showvn in
Fig. 1. Theracetracks tilted suchthatthedownwardgoingstraightsectiondenotedheproduction
straight,is aimedat the distantneutrinodetector For a BNL site,dependingon ring size,someof
theracetrackwill probablybe above groundlevel dueto the desireto keepthe lowestpartof the
ring above thelocalwatertable. Theabovegroundregionwill becoveredwith fill material,mostly
sand,andthusthereis anincentive to keepthe long axis of the racetrackasshortas possibleto
reducethe requiredfill volume. This arrangementioesmake it mucheasierto inject beaminto
in the upward going return straightsectionthan was possiblefor the completelybelov ground
placementonsideredn Study-l.Injectingnto speciallytailoredreduced-betapticsin thereturn
straightsectiorratherthanthehigh-betaopticsneededn theproductionstraightdramaticallyeases
theinjectionsystenrequirementgsomparedo Study—laswill bediscussedater.

Sincethefraction, f, of muondecays~vhich makesneutrinoswhich areaimedtowardthedetec-
toris f; = Ls/C = Lg/(2Ls + L a..), With C thering circumferenceand L 4,. thelengthof one
arc, it is clearthat creatingthe shortestpossiblearc maximizesf, andkeepsthering footprint as
smallaspossible.

Becausehepresenting enegy is 20 GeV comparedo the Study—I150 GeV, anaive expectation
is thatfor the samef, the Study-IIring circumferenceshouldbe% the Study—Icircumferenceof
1753 m or about700 m. In practiceit is hardto achieve this scaling. Evenif onetakesa larger
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dipolefield, 7 T insteadof the Study—16 T, it is hardto make the basicseparatedunctionarccell

muchshorter As indicatedin Fig. 2 shorteningthe individual magnetsonly senesto reducethe
magneticpackingfraction sincethe coil endscannotbe arbitrarily shortened.n factfor a lower
beamenegy alarger magnetaperturas neededassumingequallattice functionsandnormalized
emmitanceandthusthe coil endsshouldbe madeevenlongerthanfor the Study—Imagnets.

Study-I, 90° Separated Function Cell: 9.8 m length.
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Figure2: SampleFigure.

With a separatedunctionfocusingcell theonly pathleft to make ashort20 GeV arcis to make
the arc up from fewer cells thanwere usedfor Study—landinevitably the bendangleper cell is
increasedUnfortunatelya largerbendangleper cell leadsto larger peakdispersionwhichin turn
impliesaneedfor evenmoremagneaperturgo handlethemuonbeams large momentunspread.



We did find it possibleto shorterthearccell by usingcombinedunctionmagnetsAs indicated
in Fig. 2 evenwith a someavhatsmallerdipole guidefield, reducedo accommodat¢he superpo-
sition of quadrupoleanddipolefields atthe conductoyanda morerelaxedintermagnetpacingjt
is feasibleto shorterthebasicarccell andachiere a circumferencéelown the naive 700m scaling
prediction.

Two possiblewaysto implementsucha combinedfunction field configuration,the first with
cos nf coils andthe secondwith flat pancale coils areshav schematicallyn Fig 3. The pancale
coil configurationis especiallyinterestingbecausets simple bendstructureenablesus to usea
brittle prereacteguperconductingnaterial,suchasNb;Snfor makinga high field magnet.Also
anopencoll structurehelpsto avoid enegy depositionfrom decayelectronswvhich are sweptby
theguidefield to smallerbendradiusin the magnets midplane.
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Figure3: SampleFigure.

In additionto corventionaluprightquadrupoldocusingwe alsoinvestigatedocusingstructures
usingacombinationof skew quadrupoleandnormaldipolefields. As indicatedin Fig. 4 andFig. 5
suchskew quadrupoleannaturallybe madewith variousarrangementsf eithercos nf or pancale
coils. The skew quadrupolegradientis independentlyadjustablefrom the dipole componenin
Fig. 4 andfixedvia coil geometryin Fig. 5. Skew combinedfunctionfocusingimpliestop-bottom
asymmetrywhile uprightcombinedunctionfocusingcomefrom right-left coil asymmetry
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Figure4: SampleFigure.

Thereis however onetrick which only worksfor makingskew quadrupoldields, displacingthe
coil endslongitudinallywith respecto thedipolebodyfield. Thistrick is illustratedin Fig. 6.
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Figure6: SampleFigure.

By changingthe top-bottomoverlapof the pancale coils, asindicatedschematicallyin Fig. 6,
we createdoublecoil regionswith the full dipolefield but no skew focusingwhich alternatewith
singlecoil gapregionswith roughly half the dipole field but full skew quadrupolgocusing. The
sign of the skew quadrupolgocusingdependsiponwhetherthe top or bottomcoil is missingin
thesinglecoil gapregion. Theresultis acompactmagnetstructurewith quasicontinuoubending
andalternatinggradientfocusing. This new focusingstructurecanbe mademorecompactlythan
is possiblewith a standardccombinedfunction cell becausehe spacepenaltieswvhich comefrom

magnetcoil endsareessentiallyavoidedandthereforethis compactskew focusingcell structureis
the basisfor the Study—IlImuonstoragering lattice.

1.2 TheLattice

B. Parker

Latticefunctionsfor the 20 GeV muonstorageing usingcompaciskew combinedfunctionarc
cellsareshown in Fig. 7. Herethe betafunctions,(54, 5z) aregivenfor the 45° rotatedbetatron



eigenplaneg§A,B) shovnin Fig. 8 but theeigenplanalispersiorfunctions(r 4, ng) areprojectedo
dispersionn the normalhorizontal-\ertical, (5x, By ), coordinatesystemaccordingto therelation
ships,nx = "A\JgB andrpy = 1415
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Figure7: SampleFigure.

By constructiorthe dispersionin the A andB eigenplaness nearlyequalsothe effective verti-
cal dispersionis muchsmallerthanthe horizontaldispersion With this skew latticethe horizontal
dispersions nearlyconstantacrosshe arc while the vertical dispersioroscillateswith smallam-
plitude aboutzero. Eacharc containscellswithout bendingsuchthatwith 60° cell phaseadvance
thedispersioris matchedo zerofor botheigenplane# the straightsections.

Figure8: SampleFigure.

Thelatticeshovnin Fig. 7 hasa 1:4lengthratio betweerthelengthsof arcsandstraightsections
in orderto have ageometricdecayratio, f,, equalof 40%. The productionstraightbetafunctions
arelargein orderlimit theimpactof the muonbeamdivergenceon the divergenceof the neutrino
beamandthebetafunctionsin thereturnstraightareintermediaten magnitudebetweerthevalues
in thearcsandproductionstraightin orderto simplify injection.



Symmetrybetweerthe(A,B) betatroreigenplaness ensuredy requiringasmalladdechormal
quadrupolgfocusingcomponentwith normalizedstrength, K ,, K, = —2% in orderto partially
offset the weakfocusingdueto a sectordipole bendof local bendradius,p. As discussedn a
paperby Byrd, SagenandTalman(3 if left uncompensatethe weaknormalfocusingof a sector
bendshaws up ascouplingbetweenthe otherwiseuncoupledndependenbetatronmotionin the
(A,B) eigenplanes.The valuechosenabove for K, is preciselythe amountneededo make the
weak normalfocusingin the linear lattice cylindrically symmetricandthusto restoresymmetry
betweerthe (A,B) eigenplanes.

In practiceK, of orderpartspermil of the skew focusingstrength, K, is sufficientto ensure
local linear decoupling. Note that the addition of K, doesnot cancelthe weak sectorfocusing
andthe netfocusingin an arc cell with bendingis slightly differentfrom than of a cell without
bending. Accountingfor this differenceis importantfor gettinga good dispersionmatch. Also
for nonzeromomentunoffset, Ap/p, onehasto be preparedo dealwith couplingeffectsdueto
expectednonlinearedgefields.
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Figure9: SampleFigure.

Thering geometryis shavn in Fig. 9. Thearcsattheracetrackendsareeachendare53 m long
andfor f, = 40%we havethestraightsectionsatfour timesthislengthat219m for acircumference
whichis tentimesthesinglearclengthor 530m. Definingtheeffective arcradius,R.;r = L ,c/™
gives R.;; = 16.9 m for atotal machinelengthof 246 m. Dependinguponthe location of the
neutrinodetectoywhich affectsthe racetraclkdip angle,it may be desirableo shortenthe straight
sectionssomeavhat. This stratey helpsto reducethe amountof fill neededor a steepdip angleat
the costof smallerf;.

TheArcs B. Parker

Thearclatticeis shavn in moredetailin Fig. 10. Thearccontaingen60° cellsfor atotal phase
advanceacrosonearcof %0 in botheigenplanesWith thechoser60® phaseadwanceit is possible
to matchto zerodispersionby omitting the dipole field componenfrom the secondand next to
lastarccells. Thefocusingskew quadrupolesn theseemptycellswill be donewith corventional
warmskew quadrupolesvhile therestof thearcis madeup from theregularpatternof overlapping
pancale superconductingoils supportedn a warmiron yokesdescribedearlier Magneticfield
andarccell opticsparametersarelistedin Tablel.

Beamprofilesnearthe beginning andendof the arcs,wherethe beamsize contribution dueto
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Figure10: SampleFigure.

Tablel: Arc magnetandopticsparametersable(blank).
AAA | BBB | CCC

dispersionis neggligible, areshavn at a skew defocusingocationin Fig. 11 anda skew focusing
locationin Fig. 12.

Nearthe middle of the full dipoleregion, wheretherearebothtop andbottom coils the beam
profileis roundasshavnin Fig. 13

Will includedescriptionof skew sextupolechromaticitycorrectionschemeswell asa descrip-
tion of how to breaktheregularcoil patternat transitionsto emptycell regionsandat the endsof
the arc (this requiressomeshortcoils). Note thatdiscussiorof waysto make opticsadjustments
andbeamorbit bumps(e.g. correctormagnets)s beyond the presentscopeof work but could
reasonablpe aguedasneededindera headingof beamcommissioningr operationakcenarios.
Also thedesignof the skew sextupolesis presentlynotaddressed.

Magnetdesigndetailsfor warmandcold magnetswill begivenin latersubsections.

Production Straight

B. Parker

Physicsrequirementglrive large betafunctions. Possibleadditionaltopicsfor this sectionin-
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clude:discussiorof rf systenrequirementandpossiblenormalquadrupoledecouplingscheme.

Return Straight  B. Parker but maybeC. Johnstones betterhere?

During the editorsmeetingonly a placeholderwasdescribedor this region. It makessensdo
meto outlinethefunctionalrequirementsor this straightsectionbut try to avoid beingtoo specific
aboutthe actualdetailedsolutionasthis is the only straightsectionleft wherewe canintroduce
knobsto fix problemselsavhere. Onedifferencewith Study-lis thatit doeslook reasonablé¢o
injectgoingupinto thereturnstraightandthis shouldbe muchmorefavorablethantrying to inject
into the high betaproductionstraight.
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Figurel3: SampleFigure.

In corversationswith ScottBerg it seemghat it may not be necessaryo have rf-cavities (if
momentuncompactioris smallenoughthatbeamdoesnot spreaduttoo muchduringafew hun-
dredturns).Couldincludeshortsectionhereon parameteror a minimal rf-systemto keepbeam
from delunching. Note thatif onefollows Lebed®’s suggestiorto usea 200 MHz cryomodule
of thesametype asin his acceleratoproposakthenwe will have to faceup providing high quality
vacuumnearthe superconductingavities (presumablyvithout the useof hisisolationwindows).

Ring Acceptance B. Parker
For calculationthe effective vertical betatronacceptances.; s, we have 8,y = 24485 andfor

half aperture Ak, asshovnin Fig. 14we have physicalacceptanced, of A = (,BA;):
acceptanced,,, A, = vA. Valuesaregivenin Table2

ornormalized

Figurel4: SampleFigure.

As shav schematicallyn Fig. 15 a pencilbeamwith momenturnoffset, Ap/p, movesthebeam
horizontallyby anamount,AX, AX =~ nx x Ap/p andvertically by anamount,AY, AY ~
ny x Ap/p. Valuesaregivenin Table3

If we usearoundbeampipein thewarmskew quadrupole#n the productionstraightsection as
shavnin Fig. 16, we seethatthebetatroracceptanceanbecalculatedlirectly from theeigenplane



Table2: Betatronacceptancen thearcs.
AAA | BBB | CCC
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Figurel5: SampleFigure.

betafunctions,(54, 8s), asshovn in Table4.

It is probably desirableto use a butterfly or other shapebeam pipe in someof the skew
guadrupoleshattheinjectedbeamgoesthroughoff axisasthisis arelatively cheapwayto gaina
bit of injectionaperture.

Injection System B. Parker

Withoutsomebetterideafor thetransferine it is hardto betoo specifichere.We shouldbeable
to showv a straw designfor estimateof magnetparametersiequiredaperturestc. Must decide:
Shouldwe discussnagneticsepturguadrupolendshouldwe includeadescriptiorof collimation
systemfor protectionagainstnjectionerrorshere?

It maymake senseéo postponeliscussiorof thebeamprotectioncomponentso thelaterenegy
depositionsection.Nikolai?

Superconducting Magnets  ?
Conventional Warm Magnets B. Parker

This sectioncovers: the warm quadrupolesn the arcs,opticsmatchingquadrupolesiearends
of the straightsectionsand the straightsectionquadrupoles.If time permitswe may want to

Table3: Momentumacceptancen thearcs.
AAA | BBB | CCC




Figurel6: SampleFigure.

Table4: Betatronacceptancen the productionstraight.
AAA | BBB | CCC

includesomerequirement$or beamorbit controlcorrectordipoles,ring tuneandcouplingcontrol
quadrupoles.
Anything else,Carol?

Instrumentation J.Norem

The cooling ring presentssomenen beaminstrumentatiorproblems. In additionto the usual
emittance divergence,closedorbit, injection, extraction, beamloss and beamenegy measure-
ments,it seemdesirableo measurghe beampolarization,andprecisionmeasurementsf beam
directionin the decaystraightsectionasa function of time, to help determinethe parametersf
theneutrinobeam.Theinstrumentationssuedor themuonbeamin the storageing shouldutilize
mostly proven technology The primary difficult would be that precisionmeasurementsan be
complicatedby the presencef decayelectronsn thebeam.

The muon decayscan help determinesome of the machineparameters. Semertzidisand
Morse[1] have looked at usingthe g — 2 frequeng of the muonsto determinethe beameneny.
They considermeasurementf the synchrotronradiationfrom decayelectronswhich will give a
very substantiakignal.

We anticipatethatthe 6D “pencil” beamsusedto tuneup the acceleratovill alsobe usefulin
tuningup andoperatingthe storagering.

Oneissuewhich hasbeenidentifiedis the possibility of a high electronshaver backgrouncdat
the downstreamendof the two straightsections.This backgroundvould be dueto muondecay
electronswhich werenot sweptfrom the beam.Althoughthe fraction of primary decayelectrons
in thebeamis L/v7c, whereL is apathlengthin thestorageing, andyrc ~ 126 km, is thedecay



lengthat20 GeV. Thismeanghefractionof muonswhichwill decayin the116m straightsections
is 0.001,andthe electron/muorratio at the downstreamend of the straightwill be ~ 0.001F},
whereF; is afactorwhich depend®n the probability of electronsbeingsweptandshowveringin
the vacuumpipe. Estimatesof the electronbackgroundare undervay, but it seemsdesirableto
considermprecisionmeasurementxternalto thering for determiningthe neutrinobeamdirection,
profile anddivergence.

We assuméhe mostreliablemeasurementsf the neutrinobeamsizeanddivergencewould be
obtainedfrom fine graineddetectorconsistingof Tungstensheetdntersperseavith hodoscopes.
Thesewould be locatedin shaftsdownstreamof the decaystraight. Ratescould be high, on the
orderof 100events/fillfor a1 m detector (moredetailscoming- M. Goodman)

More detailed descriptions of polarization measurements and other mneutrino
measurements will be added in a later draft.

Power Suppliesfor the Muon Storage Ring No name
To this pointno new work donehereso everythinghasto be TBD.

Quench Protection Dumps No name
To this pointno new work donehereso everythinghasto be TBD.

Muon Storage Ring Quench Detection and Protection No name
To this pointno new work donehereso everythinghasto be TBD.

1.3 Lattice Performance and Tracking

C. Johnstone

Theissuediscussederearesimilar to thosefrom Study—Ibut in detailthingswill look quite
differentduethe novel featuresof the proposedskew focusinglattice.

A descriptionof the on going work with Kyoko Makino, Martin Berz etc. belongshere. The
importanceof thiswork is suchthatit couldpointto theneedfor reworkingthelattice. Thepresent
choiceof lattice parametersepresentsa choice,in the absenceof tracking results,to go with
parametershat make the magnetparametergasierto achieze andprovidesincreasedgrotection
from enepgy depositiondue to shavers coming from the long straightsections;however, it is
entirely possiblethatwe will have to compromisehesegoalssomevhatin orderto achiere good
enoughdynamicaperture.

1.4 Beam Induced Energy Deposition And Radiation Fields

N. Mokhov
Discussiorsimilarto Study—I.

Arc Magnets N. Mokhov

Thissectionis differentfrom Study—Ito theextentthattheopencoil structureadoptedor Study—
Il changeghe enegy depositionpattern.Somemitigationof hot spotsstill mightberequired.An
importantresulthereis the extentto which the warm cells nearthenendsof the arcsareusefulin
trappingenegy comingfrom thelong straightsections.



Straight Section Components N. Mokhov

Estimationdor enegy depositionissuesfor warm magnetskickers,diagnosticsetc. This also
may be the bestpaceto discussprotectionagainstinjection errorsandinjection tuning. If a su-
perconductingf systemis neededhentheremay be issuesfor how to protectandisolateit. In
particularit may not be possibleto usewindows to isolatethe rf stations beamvacuum(unlike
previousaccelerator).

Radiation Around Arc Tunnel And Downstream Of Straight Sections N. Mokhov
Standardliscussiorbut takesinto accountBNL guidelines.
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